Human upright postural control is highly related to visual information. In order to explore the influence of visual feedback on static upright postural control, postural sway of eight healthy young adults was investigated under visual feedback circumstances. In the investigation, postural feedback information was visualized by an indicator composed of a movable spot and a stationary circle, and in addition to Shannon entropy analysis, time domain and frequency domain analyses were employed to inspect postural control adjustment. The experiment results indicate that even though indicator scale changes do not induce significant postural differences in time domain and random characteristics, reduction of the visual feedback indicator scale inspires a postural power shift to higher frequencies. In addition, this reduction also induces a fall-after-rise pattern of postural energy distribution in the frequency range of 0.5-1 Hz.
Introduction
Postural sway is a fundamental phenomenon in physiology. In this physiological phenomenon, the human body constantly displaces and corrects the position of the centre of gravity within the base of body support in order to maintain balance. Since most other body actions are based on postural balance, effectively controlling postural sway into a balance range plays an essential role in human's normal life, and then this essential role makes postural control become an attractive object of various investigations in wide research areas of exercise physiology, experimental psychology, cognitive science and clinical medicine. Aiming at revealing the underlying mechanism of human postural control, many researchers focus their work on how human restrains postural sway and how central nervous systems (Vecchio et al., 2008; Goble et al., 2011) , skeletal and muscle systems (Gimmon et al., 2011; Hirata et al., 2011; Kouzaki and Masani, 2012; Wright et al., 2012) and sensory systems (Allum et al.,2011; Ho¨hne et al., 2011; Krishnan and Aruin, 2011; Mohapatra et al., 2012a Mohapatra et al., , 2012b are organized in balance keeping. In this paper, we focus our study on the visual contribution to human upright postural control.
In general, postural control of normal healthy persons is highly related with the visual information that they have obtained. When the persons' vision is totally blocked, their postural sway will usually be considerably augmented. In order to specify contributions of visual information to upright posture maintenance, researchers have manipulated various visual scenes to explore characteristics of the induced postural responses. In the research on postural readjustments induced by linear motion of visual scenes, Lestienne et al. (1977) employed three mirrors and a movable screen to produce moving visual scenes in an optic tunnel. Their research indicated that the amplitude of the postural changes was logarithmically proportional to the image velocity and the image structure density, and for a specific velocity and structure density, the amplitude of postural sway showed an increase at frequencies from 0.02 to 0.2 Hz. Mergner et al. (2005) utilized a rotatable cabin to provide moving visual scenes. Their study on static upright posture showed that sinusoidal rotation of visual scenes induced in-phase centreof-mass excursions and the induced postural responses exhibited saturation with both increasing the velocity and displacement of the visual stimulus.
In contrast to the open-loop form of directly imposing visual stimuli in the aforementioned investigations, the technique of visual feedback provides visual scenes in a closed-loop way. In the visual feedback technique, subjects' postural information is measured by posturographic equipment and then is visualized and fed back through subjects' visual systems to complement their inherent posture perception provided by sensory systems of their own bodies. In present research, the visual feedback of postural information usually involves the displacement of the centre of pressure (CoP), the point location where the vertical reaction force is applied to subjects. By means of CoP feedback, many researchers have examined the effects of visual feedback on upright postural control, but their findings are controversial. Some researchers presented significant postural improvement (Wannstedt and Herman, 1978; Shumway-Cook et al., 1988; Sackley and Lincoln, 1997; Simmons et al., 1998) , while others reported no enhancement of posture control (Di Fabio and Badke, 1990; Walker et al., 2000; Geiger et al., 2001) . This controversy inspires researchers to further investigate whether and how the effects of visual feedback on postural control depend on the way the visual feedback is provided.
Current investigations of visual feedback patterns focus on a variable of gain, which denotes the ratio between the visualized and the measured displacements of the CoP (Rougier et al., 2004; Pinsault and Vuillerme, 2008; Vuillerme et al., 2008; Cawsey et al., 2009 ). Litvinenkova and Hlavacka (1973) compared the postural performance under three gains (two, four and six) and announced an optimal gain of two to four. Pinsault and Vuillerme (2008) examined the healthy elderly in different gain conditions (2, 5 and 10). They found that CoP displacements decreased in conditions of larger gains (5 and 10), so they suggested that healthy adults could integrate the visual feedback to significantly reduce their CoP displacement in larger-gain conditions. Rougier et al. (2004) explored the effects of modifying the gain (2, 5, 10 and 20) on the two elementary motions of the CoP displacement. Since Rougier and his colleagues observed a progressive diminution of centre-ofgravity horizontal motions by increasing the visual feedback gain, they proposed that increasing the visual feedback gain can reinforce the postural control during corrective processes.
Other than the visual feedback gain, our investigation concerns another parameter of the visual feedback pattern: the indicator scale. In a postural control experiment based on visual feedback, the indicator visualizes the feedback information of subjects' postural status and provides additional visible references to subjects' postural control. Since the postural feedback information is embodied in the indicator, we suppose that, as the visual feedback gain influences performance of postural control, the scale of the visual feedback indicator may play a specific role in the visual influence on human upright postural control.
In our study, the combination of a blue circle and a white spot was employed as a visual feedback indicator. The circle represents the postural equilibrium point, while the spot designates the current CoP position. Thus, the location difference between the spot and the circle can explicitly visualize postural deviations of the current posture status from the equilibrium state. With this indicator, static upright posture of eight healthy young adults was measured under visual feedback conditions with a fixed feedback gain and four different indicator scales. Then the performance of the postural control was inspected with Shannon entropy analysis, time domain analysis and frequency domain analysis to reveal the postural influences of indicator scales.
Methods

Subjects
Subjects in this study included eight healthy young adult volunteers (three females and five males) aged from 23 to 27 (mean 6 SD: age 25.2 6 1.4 years; weight 61.1 6 8.6 kg; height 169.1 6 6.3 cm). None of these subjects had evidence or known history of any gait, postural, or musculoskeletal disorder. All of the subjects had normal or corrected-to-normal vision. Informed consents were obtained from all subjects prior to their participations. The study had been approved by Shenyang Institute of Automation, Chinese Academy of Sciences.
Apparatus
Postural experiments were all conducted in a closed area (2.5 m 3 4.0 m) that was isolated with a shade curtain and two walls, as Figure 1 shows. In this closed area, a projection screen (1.5 m 3 2.0 m) was hung on the front wall, a projector (Toshiba TDP-T355, Japan) was fixed on the ceiling, and a force platform (Kistler 9286BA, Switzerland) was settled horizontally 2.2 m from the projection screen. A desktop computer connected with the projector and the force platform was used for postural data acquisition, real-time CoP calculation and visual feedback information generation and visualization. The generated visual feedback information was eventually displayed in real-time on the screen for the subjects to see, and the subjects' posture was measured by the force platform.
Postural feedback visualization
As Figure 2 shows, the visual feedback indicator projected onto the projection screen was composed of a movable white 2.2m 
Experimental procedures
Before a trial began, subjects were instructed to stand barefoot on the force platform in a comfortable stance, in front of the projection screen about 2.5m away, with their arms hanging beside their body naturally and their feet separated from each other by about a shoulder width.
In the first 5 seconds of a single trial, the indicator was located at the centre of the background. In this stage, subjects were asked to keep their body immovable as much as possible, with their eyes focused on the spot. At the end of this stage, the mean position CoP m of CoP was calculated, and the spot began to move. During the left trial time, the spot was controlled by CoP of subjects and the displacement of the spot was linear to the difference between the current CoP and CoP m . In coordinates, motions of the spot from top to bottom and from left to right on the background respectively denoted movements of the CoP in anterior-posterior and media-lateral direction. In this stage, subjects were requested to control their upright posture to make the spot become overlapped by the stationary circle, but relative movements between the body components were not allowed except the body rotation around the ankle joint.
Several practice runs were performed prior to the test to ensure that subjects had mastered the relationship between the spot motion and their body sway, and could act just as the instructions required them to.
In our research, the postural control under visual feedback circumstances was investigated under conditions of four indicator diameters: D1, D2, D3 and D4 (450, 320, 175 and 50 mm individually). Including five repeated trials for each condition, a total of 20 trials for each subject were arranged randomly. Each of these trials lasted for 60 seconds. In order to avoid the interference of subjects' fatigue with their postural performance, between every two of these trials, subjects had at least 1 minute of rest time and after 10 trials were finished, subjects had at least 5 minutes to rest. Although only the data of 30 s, from the 11th to 40th second, were valid in the following signal processing, CoP data were recorded all through every trial, with the sampling frequency of 1 kHz.
Signal processing
Let CoP m (x m , y m ) represent the mean position of the CoP trajectory of the first 5 seconds in a single trial. In our experimental protocol, CoP m (x m , y m ) was regarded as the original equilibrium centre of subjects' upright posture. Thus, the deviation of CoP(x i , y i ) from CoP m (x m , y m ), denoted by CoP d (x dj , y dj ), could reflect the postural control performance under the designed visual feedback circumstances. Therefore, instead of directly processing the recorded CoP trajectories, our signal processing analysed CoP d sequences to reveal the interested postural influences of the visual feedback pattern.
In the signal processing, we studied the relation between indicator scales and postural control performance from three perspectives: (a) the random characteristic of postural control was investigated through Shannon entropy theory; (b) two classical parameters of postural control performance were checked in the time domain; (c) two frequency characteristics of the power spectrum and energy distribution were highlighted in frequency domain analysis.
Shannon entropy analysis. In the Shannon entropy analysis of CoP d sequences, the entropy of the modulus R and the angular deflection Y of CoP d single-step displacements were investigated under the postulation that R and Y were random variables.
First, as demonstrated in Figure 3 , the observations of R and Y, r k . 0 and u k 2 [0, p), were calculated from several sequential points of CoP d sequences using the following equations: wherẽ
Then, in order to estimate the probability mass functions of R and Y, the finite value ranges [min(r k ), max(r k )] and [min(u k ), max(u k )] of r k and u k were divided into n equal-length subintervals individually. All of these subintervals satisfied the following constraints:
where R p \ R q =˘and Y p \ Y q =˘were both satisfied for all p, q 2 [0, n-1] and p 6 ¼ q. Supposing that m(d) represents a Lebesgue measure on R 1 , the following two equations would be satisfied:
Finally, let f R (i) represent the ratios of the numbers of r k in arbitrary subintervals R i and the total numbers of r k ; and similarly let f Y (j) represent the ratios of the numbers of u k in arbitrary subintervals Y j and the total numbers of u k . The estimation of the probability mass functions of R and Y, f R (r k ) and f Y (u k ), could be obtained as the following expressions describe:f
where i, j 2 [0, n -1] and m(d) denotes the amount of the elements in the set. Thus, according to the definition from Shannon entropy theory, the entropy of R and of Y, E(R) and E(Y) could be obtained by the following equations:
where n = 100 in our processing.
Time domain analysis. In the time domain analysis of CoP d sequences, classical postural parameters of the root mean square (RMS) and path length (PL) of CoP d sequences, were investigated as in the following expressions:
where
with j =1, 2, ., N, N = 30,000 and M = 5000.
Frequency domain analysis. In frequency domain analysis of CoP d sequences, the power spectrum of CoP d was estimated by the period algorithm as follows:
For the sake of comparison between experimental results from different subjects, the obtained power spectrum was then normalized by dividing the total energy of the spectrum as follows:P ower norm n ð Þ =P ower n ð Þ P nP ower n ð Þ
Furthermore, the energy in the frequency band of 0.5-1 Hz in the normalized spectrum was calculated by the following expression:
where Df = 1/30 Hz was the frequency resolution, which was determined by the length of valid data. For all of the experimental trials, the aforementioned postural parameters were calculated through the corresponding equations in the above three perspectives of postural signal processing. Then, these calculated parameters were averaged among the five repeated trials that one subject had participated in for a specific indicator scale, in order to obtain resultant parameters for a particular subject in a specific indicator scale. Finally, analysis of variance (ANOVA) was employed to test whether differences of these resultant parameters among visual conditions of the indicator scales are statistically significant. In ANOVA, the significance level was set as p \ 0.05. Table 1 . From Table 1 , an interesting phenomenon, that the entropy of R is always larger than the entropy of Y, can be observed explicitly. This phenomenon is consistent with our previous findings (Pei et al., 2011) .
Results
Scale changes of the visual feedback indicator do not significantly influence random characteristics of postural control
Scale changes of the visual feedback indicator do not significantly influence parameters in time domain
The resultant RMS and PL of the CoP d sequences obtained from the eight subjects under conditions of the four investigated indicator scales are individually presented in Figure 6 and 7. The ANOVA analysis indicates that there is no 
Scale changes of the visual feedback indicator induce power shifts in power spectrums
Obtained from experimental results of Subject 5, an example of normalized power spectrums corresponding to the investigated four indicator scales is illustrated in Figure 8 . From Second, along with the reduction of indicator scales, principal frequency components of the normalized power of CoP d move gradually toward the direction of higher frequencies.
The sequence of subfigures in Figure 8 illustrates the evolution of power transference from the lower (around 0 Hz) to higher frequency band (around 2 Hz). In Figure 8(a) , for the largest indicator scale of D1, a dominating power peak exists around 0 Hz, and just tiny power appears in the frequency band above 0.8 Hz; then, in Figure 8(b) for the D2 and in Figure 8(c) for the D3, where the indicator scale is reduced successively, the dominating power peak around 0 Hz turns into smaller power peaks, and these smaller power peaks locate themselves continuously to the higher frequencies toward 1 Hz; eventually, in Figure 8(d) , for the smallest indicator scale D4, even more power peaks distribute in a much wider frequency band, and as an example, two small power peaks even emerge in the frequency band between 0.8 and 1.5 Hz.
The similar tendency that power shifts from lower to higher frequencies in power spectrums can be easily observed in experimental results from all of the other seven examined subjects. Therefore, our observation supports that visual feedback indicator scales have influences on static human upright postural control. Decreasing indicator scales induces changes of power distribution in the power spectrums of CoP deviation.
Scale changes of the visual feedback indicator influence energy distribution in the frequency band of 0.5-1 Hz To further clarify the influence of indicator scale changes on postural power distribution, energy in the frequency band of 0.5-1 Hz was specially examined in this paper. Percentages of energy distributed in 0.5-1 Hz for all of the eight subjects under visual conditions of four indicator scales are demonstrated in Figure 9 . These percentages were all obtained by averaging the five repeated trials in which each subject had participated for a special indicator scale.
As Figure 9 indicates, energy changes of Subject 2 to 3 and 5 to 8, six subjects out of the total of eight, exhibit a fall-afterrise pattern when the indicator scale decreases from D1 to D4. This pattern indicates that these six subjects first increased and then decreased their postural control in 0.5-1 Hz when the indicator scale changes from D1 to D4. In the remaining two subjects, subjects' postural control energy just keeps increasing from D1 to D4.
The ANOVA analysis shows that the energy percentages in condition D1 present statistically significant difference from each energy percentage in the conditions D2 and D3 (for D2, F = 4.75, p = 0.0468 \ 0.05; for D3, F = 7.39, p = 0.0166 \ 0.05). Nevertheless, the three conditions of D2, D3 and D4 show no statistically significant difference from each other.
Discussion
The entropy of R and Y may reflect essential random characteristics of postural control According to Shannon entropy theory, the entropy of a random variable is related to the information that the observation of the variable gives. The more unpredictable and unstructured the variable is, the larger its entropy (Hyvarinen et al., 2001) . In our investigation, the modulus and angular deflection of the CoP d single-step displacement are regarded as random variables. Entropy of these variables is supposed to reflect the adjustment characteristics and effects of postural control.
From our experimental results, the entropy of the CoP d single-step displacement does not significantly change with the reduction of indicator scales, no matter the entropy of the displacement modulus R or the entropy of the displacement angular deflection Y. Therefore, we suspect that random characteristics may be an essential quality of human postural control and this control quality may not be easily influenced by visual feedback information modifications. In addition, another random characteristic, that the entropy of the modulus R is always larger than the entropy of the angular deflection Y of CoP d single-step displacements, also deserves our attention. This result is consistent with our previous findings (Pei et al., 2011) . Based on the random implication of the entropy, this characteristic suggests that the angular control is more regulated than the amplitude control in human upright postural control. Furthermore, according to the experimental results of our investigation, we infer that this control characteristic does not change with indicator scale modifications.
Classical parameters in the time domain may not be competent enough in describing the influence of visual feedback on postural control
In our investigation, human upright postural control was analysed both in the time domain and the frequency domain. However, as the above results section illustrated, some classical time domain parameters such as RMS and PL examined in this research cannot reflect the postural influence that the changes of visual feedback indicator scales induce. Similar results can be found in the research of Rougier et al. (2004) . In Rougier's research, no statistically significant effects have been found for the tested time domain parameters of CoP displacements and the two component motions decomposed from the CoP displacements.
Thus, we infer that classical time domain parameters may not be competent enough in the discrimination of influences of visual feedback on human upright postural control. Therefore, we further suggest that other parameters or new analysis methods should be developed to reveal the possible postural influence of visual feedback.
Enlarged perception of CoP deviation induced by the reduction of indicator scales may cause postural power shifts
In this paper, the hypothesis that visual feedback indicator scales have an influence on human upright postural control has been investigated. The power spectrum analysis confirms this hypothesis. As the experimental results have demonstrated, the power distribution of postural control exhibits a shift from lower frequencies to higher frequencies when the indicator scale is reduced. The underlying mechanism may be supposed as follows.
Since human vision is not an accurate detection instrument, feedback visualization of COP displacement through a smaller-scale or a larger-scale indicator will lead to discrepant perception of the real postural deviation. For the same COP displacements, the smaller-scale indicator will make subjects feel that their posture changes greater and faster than the larger-scale indicator will. In other words, the smaller-scale indicator will enlarge subjects' perception of postural deviation from the equilibrium point more than the larger-scale indicator will. Then, the enlarged perception of postural deviation induced by smaller-scale indicators will inspire the subjects to adjust their posture more frequently and actively. As a result, the speedier and enhanced postural adjustment originated from smaller-scale indicators will eventually cause the postural power shift toward the higher frequencies.
Energy distributed in 0.5-1 Hz may indicate a consistent influence that indicator scales impose on visual feedback upright postural control From Figure 9 , two patterns of energy percentage changes can be obtained. The leading pattern is that the energy percentage goes through a fall after a rise in the proceeding of the indicator scale reduction from D1 to D4. The second pattern is that the energy percentage monotonically increases as the indicator scale decreases from D1 to D4.
These two patterns of energy percentage changes can be unified to be explained by the relation among indicator scale reduction, postural deviation perception and postural power shifts. In this relation, when indicator scales decrease, subjects' perception of postural deviation is enlarged, and then subjects' postural control is accelerated. According to this relation, together with the reduction of indicator scales, the postural power shift to the higher frequencies, and along with the postural power shift, the energy in 0.5-1 Hz will accordingly increase. Therefore, this relation may be a possible explanation of why an energy rise was presented in experimental results from all of the examined subjects when the indicator scales decrease from D1 to D2.
Nevertheless, because of the structure and inertia of the human body, acceleration of postural adjustment cannot always keep up with the perceptional enlargement of postural deviation. Once the indictor scale reduction exceeds certain ranges, the enlarged postural deviation will no longer get enough postural responses to induce corresponding postural power shifts. This phenomenon can be explicitly observed when the indicator scale keeps on decreasing from D2. When the indicator scale is reduced to D3, the divergence of the two patterns emerges that an energy fall shows in results from Subjects 5 and 8 while the energy rise goes on in results from the other subjects. Eventually, when the indicator scales further decreases to D4, energy falls are presented by all subjects except Subjects 1 and 4. Thus, according to our experimental results, the range in which indicator scale reduction induces an energy rise shows individual differences among the examined subjects. For Subjects 5 and 8, only D1 and D2 are included in this reduction range; for Subjects 2, 3, 6 and 7, D1-D3 are included; and for Subjects 1 and 4, all of the four investigated indicator scales are all included in the reduction range. Limited to the range of the indicator scales investigated in this study, whether further reduction of indicator scales will induce an energy fall for Subjects 1 and 4 is still a question needed to be tested and verified in our future study.
Herein, we consider that when the reduction of indicator scales is limited in a specific range the energy percentages will increase, and once the scale reduction exceeds this range, the energy percentages will stop increasing or even start to decrease. Although the specific ranges may be different in subjects, a conclusion may be deduced that the energy percentages in 0.5-1Hz have a pattern of fall-after-rise when the indicator scale decreases in a sufficient range.
Conclusion
For postural investigations involving visual feedback protocols, reasonably visualizing postural feedback information is an essential problem worthy of serious consideration. This study has highlighted the specific role of indicator scales in the visualization of postural feedback. We have studied the relation between feedback indicator scales and characteristics of static upright postural control through entropy, time and frequency domain analysis. From our experimental investigation of eight subjects' posture under conditions of four different indicator scales, we found that indicator scales shows more powerful impacts on static upright postural control in frequency domain. Although individually limited in different indicator scale ranges, the enhancement of postural control could be induced by the reduction of indicator scales. Our findings suggest that the effect of indicator scales should be carefully considered in visual feedback protocols of posturerelated investigations and rehabilitation therapies.
